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Aptamers are nucleic acid “receptors” that
selectively bind to small molecules. They can be
isolated from a pool of randomized nucleic acid
sequences to recognize a ligand. A DNA aptamer
can be split to give high selectivity to a target gene,
and when the split sequences come together, its
ligand binding region can be formed. Significant
fluorescent turn-on can be achieved when lowfluorescent dye ligands bind strongly to the
aptamer. This has made the use of these aptamers a
promising technique in bioanalysis and detection
of small amounts of target biomolecules, including
targets infected with pathogenic disease.
The fluorescent turn-on capabilities of
aptamers when complexed with a ligand has been
demonstrated with the Dapoxyl aptamer (DAP)
and Dapoxyl, a fluorophore dye (Kato et al.).
Dapoxyl structure is shown below. Under
normal conditions it does not fluoresce, but upon
binding with the aptamer the fluorescence
increases significantly. However, this dye is not
currently commercially available. Alternative dye
screening showed improved turn-on with reduced
background fluorescence for DAP with another
dye, Auramine-O.
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Ongoing study by our group has
demonstrated that the dapoxyl aptamer folds into a
parallel G-quadruplex structure in the absence of
the dye, while the dye’s presence causes switching
of the aptamer conformation into a hybrid Gquadruplex structure. In a G-quadruplex four
guanine nucleotides hydrogen bond to form a
tetrad. Multiple G-tetrads can base stack in a
parallel, antiparallel, or hybrid orientation.
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Stem (Nucleotides 1-16, 44-58)
The stem portion is necessary for stability of the aptamer, as its deletion resulted in destruction of signal. Nucleotide 13 is not essential for
aptamer activity, but it was optimal to remain as a thymine rather than a cytosine. Extension of the stem from 15 base pairs (DAP-42) to 23
base pairs (DAP-58) did not impact signal. DAP-58 (pictured) was used as the base aptamer for further mutation analysis of other regions.
G-Quadruplex Forming Regions
Stretches of two guanine nucleotides in a row with adequate spacing from other guanine stretches were deemed to have
the potential to participate in the formation of the G-quadruplex. It was noted that nucleotides 30, 31, 40, and 41 almost
certainly participated because of their positions as respective guanine doublets with adequate distance away from other
guanine stretches; this was confirmed by circular dichroism in previous studies by the group, so these nucleotides were
not tested in this study. Nucleotide (nt) regions 17-19, 20-21, and 22-24 were investigated to see which other guanine
G-tetrad with hypoxanthine
(heterocyclic base of
residues participate in G-quadruplex formation. Inosine (I) has a similar hydrogen bonding ability as guanine regarding
inosine)
tetrad formation; a missing exocyclic amine group in inosine compared to guanosine is the only structural difference.
Mutation of one guanosine in a tetrad to inosine removes only one hydrogen bonding group in the tetrad formation and
would only slightly affect the signal. Therefore, if a guanosine in the aptamer was mutated to inosine, and there was not a
destruction of signal, it was deemed to be part of a G-tetrad. If even a mutation to inosine destroyed signal, the guanine
Adenine vs Guanine
had another role in folding and stabilization of the aptamer. Mutations to adenosine (A) were induced to investigate
whether number and orientation of hydrogen bonding groups were important.
Nucleotides 17-21
Nucleotides 22-24
Signal was destroyed when each of nts 17-19 were substituted with adenosine, but only G17I substitution
It not be concluded
nucleotide abolished the signal. This supports the role of guanine residues 18 and 19 in the formation of Gwhether nucleotide 22 or
tetrads. Nt 17 is also important for the aptamer-dye complex, but in this case the exocyclic amino group is most 24 participated along with
likely involved in the interactions. The aptamer mutant with G20 substitution with either I or thymidine (T) still 23 in tetrad formation.
turns on the dye’s fluorescence, so it must be the part of a loop connecting G-stretches.
Linking Regions
Nucleotide regions 25-29, 32-39, and 42-43 are flexible linkers necessary for proper folding of the aptamer into the correct orientation for Gquadruplex formation. Substitution of G with A, I, or T were induced to investigate the different hydrogen bonding groups and potential base
stacking. Thymine cannot base stack as well as purines; it can add to flexibility of linking regions in some cases due to its smaller size. If an
adenine mutation did not change signal, it was possible that the nucleotide was involved in base stacking interactions.
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Nucleotides 25-29
Regarding nucleotides 26 and 28, only inosine
substitutions are somewhat permissible, but the extreme
drop in signal indicated that the guanine’s exocyclic amine
must be present in each nucleotide to ensure proper
folding. Mutation to A or T destroyed signal as well,
confirming the need for a purine and guanine’s specific
hydrogen bonding groups.

Nucleotides 32-39
This region must be at least 8-10
nucleotides in length to have optimal
activity as a linking region; nucleotide
33 remaining a cytosine and
substitution of T for nucleotides 36 and
37 optimized the linker as well.

Nucleotides 42-43
Nucleotides 42-43 were confirmed to
be linkers, as a triethylene glycol
linker replacement resulted in the no
change in signal. Deletion of one of the
nucleotides was optimal for this region
and resulted in an increase in signal.

“Frank-AO”, the optimal aptamer sequence for Auramine-O binding, included mutations G36T, C37T, and deletion of nt. 42. There was no
change in turn-on in comparison to deletion of nt. 42 on its own, suggesting a lack of synergistic effect between mutations.

Buffer Analysis
Effect of [Magnesium] on Turn-On

Luu et al.
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This study aimed to optimize fluorescent
turn-on properties of the Dapoxyl aptamer. Buffer
analysis was performed to optimize buffer
components for fluorescent turn-on and support the
finding regarding the topology of G-quadruplex in
the aptamer-dye complex.
Mutation analysis was performed to
investigate the role of each nucleotide region in the
aptamer’s activity and discover the nucleotide
regions that are essential for dye binding.
Mutations were induced to single nucleotides or
nucleotide regions, and the effect on fluorescent
turn-on was measured.
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20 mM Tris-HCl, pH 7.4, 150 mM KCl, 225
mM NaCl, and varying concentrations of
MgCl2 as indicated in the figure.
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20 mM Tris-HCl, pH 7.4, 187.5 mM MgCl2,
225 mM NaCl, and varying concentrations of
KCl as indicated in the figure.

Conclusion
We have observed the requirement of potassium ions for the binding of the dye by the Dapoxyl aptamer, which is consistent with the formation of
a G-quadruplex structure. Mutation analysis confirmed the important role of guanine residues at positions 17-19, 22, 24, 26 and 28 for the formation of
the site for binding either Dapoxyl or Auramine O. The least conserved region of the aptamers seems to be a loop formed with nts 32-39. The thymine
residues at positions 42 and 43 form another loop, and the removal of one of the nucleotide in this loop enhances the aptamer affinity to both dyes and
their fluorescent turn-on properties. With the optimized buffer composition and rationally altered aptamer sequence, the turn-on ratio of Auramine-O
fluorescence in the presence of the aptamer was ~445, which is ~2-fold improvement over the turn-on properties of DAP-58 in that dye. In comparison
to the turn-on for the original aptamer, DAP-42, with its original Dapoxyl dye, the 445 turn-on value of Auramine-O is a ~3.5 fold improvement.

Increase in turn-on was best achieved with addition of potassium salt. The
size and charge of a potassium ion make it ideal for fitting in the center of each
tetrad and coordinating the electronegative groups in the center when the quadruplex
is in a parallel confirmation. Sodium ion, due to its smaller atomic radius, is ideal
for coordination of an anti-parallel G-quadruplex; no fluorescence dependence on
sodium ion concentration was observed. These trends suggest the hybrid Gquadruplex leans in favor of a parallel orientation, and the presence of potassium
increases the switching from hybrid to parallel. Magnesium ion does not coordinate
G-tetrads well and has even been shown to destabilize G-quadruplexes. However, in
smaller concentrations it can stabilize the DNA backbone of the aptamer. Further
experimentation by other team members varied individual salt concentrations alone
in Tris buffer (pH 7.4). A smaller concentration of 25 mM magnesium was found to
be optimal for turn-on. It was confirmed that potassium ion is essential for binding
and fluorescent signal and that sodium ion has no effect. The optimal buffer
composition that was created and used for mutational analysis was 20 mM Tris HCl
pH 7.4, 20 mM potassium chloride, and 25 mM magnesium chloride.
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